Background Capillary malformation is a cutaneous vascular anomaly that is present at birth, darkens over time, and can cause overgrowth of tissues beneath the stain. The lesion is caused by a somatic activating mutation in GNAQ. In a previous study, we were unable to identify a GNAQ mutation in patients with a capillary malformation involving an overgrown lower extremity. We hypothesized that mutations in GNA11 or GNA14, genes closely related to GNAQ, also may cause capillary malformations. Methods Human capillary malformation tissue obtained from 8 patients that had tested negative for GNAQ mutations were studied. Lesions involved an extremity (n = 7) or trunk (n = 1). Droplet digital PCR (ddPCR) was used to detect GNA11 or GNA14 mutant cells (p.Arg183) in the specimens. Single molecule molecular inversion probe sequencing (smMIP-seq) was performed to search for other mutations in GNA11. Mutations were validated by subcloning and sequencing amplimers.
Introduction
Capillary malformation is a congenital vascular lesion that affects the integument. Lesions darken, thicken, and cause disfigurement; adipose, muscle, and bone beneath the stain also can become overgrown. Somatic mutations in GNAQ (altering amino acid residue p.Arg183) result in constitutive activation of G-protein signaling and sporadic and syndromic (i.e., Sturge-Weber syndrome) capillary malformations [1] [2] [3] . Mutations are enriched in the lesions' endothelial cell compartment [3] . In a previous study, we were unable to identify GNAQ mutations in a cohort of capillary malformations involving the lower extremity [3] . We hypothesized that somatic GNA11 mutations would also cause capillary malformations because GNAQ and GNA11 share [90% amino acid identity, and mutations affecting a different amino acid residue p.Gln209 in either GNAQ or GNA11 cause congenital hemangiomas [4] .
Methods
The Committee on Clinical Investigation of Boston Children's Hospital approved this study. Two biopsy specimens were collected as part of a research protocol, while the remaining samples were obtained during a clinically indicated procedure. Capillary malformation was diagnosed based on history, physical examination, and histopathology. Tissues were flash-frozen and placed in -80°C until further processing. Capillary malformation specimens from 8 patients that previously tested negative for a GNAQ mutation by droplet digital PCR (ddPCR) were included in this study. Because the most common GNAQ mutation in capillary malformation affects p.Arg183, we designed a ddPCR assay to screen for mutations in the equivalent codon of GNA11 or GNA14.
Results
We found a somatic GNA11 missense mutation (c.547C [ T; p.Arg183Cys) in specimens from 3 patients ( Table 1 , Fig. 1 ). Individuals had a phenotype consistent with diffuse capillary malformation with overgrowth [5] . We validated the presence of the mutation in affected tissue using an orthologous method by subcloning and sequencing amplimers from an independent PCR performed on separately extracted DNA. In 2 patients with GNA11 mutations in affected tissue (participant 1, participant 5), we performed ddPCR on unaffected tissue (white blood cell DNA) and did not detect the mutant allele. We excluded false-positive results, which could occur if our ddPCR assay had poor specificity, by not finding a GNA11 or GNA14 mutation in affected tissue from patients with capillary malformations caused by GNAQ mutations. To determine whether other mutations in GNA11 account for the ddPCR-negative samples, we performed single molecule molecular inversion probe sequencing (smMIP-seq) [4] in 4 specimens that had sufficient DNA. No additional GNA11 mutations were identified.
Discussion
The most common mutation found in capillary malformation is GNAQ p.Arg183Gln [1, 3, 6] . Other GNAQ somatic missense mutations affecting residue 183, p.Arg183Leu and p.Arg183Gly, also have been observed in patients with capillary malformation [3] . Here, we report a second gene responsible for this lesion, GNA11. Consistent with our finding, functional overlap or redundancy between GNAQ and GNA11 also have been observed in uveal melanoma [7] , phakomatosis pigmentovascularis [8] , melanomas associated with blue nevi [9] , and congenital hemangiomas [4] . Although GNA14 shares *80% amino acid identity with GNAQ and GNA11, and can cause vascular tumors [10] , we did not identify GNA14 mutations in capillary malformations.
GNAQ and GNA11 R183 mutations partially inactivate guanosine triphosphatase (GTPase) activity, resulting in constitutive activation of the mitogen-activated protein (MAP) kinase pathway; Q209 mutations completely inactivate the enzyme [11] . These mutations affect vascular endothelial growth factor-2 (VEGF-2) function [12] [13] [14] . Because VEGF-2 is critical for both vasculogenesis and angiogenesis, mutations affecting this protein likely affect the pathophysiology of different types of vascular lesions (i.e., capillary malformation, congenital hemangioma). The more severe Q209 inhibition of GTPase may explain the presence of this mutation only in tumors and not malformations [4, 11] . 1 We considered a mutant allele frequency \1/000 to be background noise by ddPCR Currently, we do not know whether there are phenotypic differences between patients with GNAQ and GNA11 p.Arg183 mutations. Among published reports, [95% of facial capillary malformations have a GNAQ p.Arg183 mutation [1, 3, 6] . In this study as well as a previous investigation [3] , we have examined 10 extra-facial capillary malformations and have observed greater genetic heterogeneity: GNA11 p.Arg183Cys in 3 legs and 1 arm, GNAQ p.Arg183Leu in 1 leg, and neither GNA11 nor GNAQ in 4 legs and 1 trunk.
Our failure to find a GNA11, GNA14, or GNAQ mutation in several specimens could be because the mutant allele frequency was below our limit of detection. Intriguingly, participant 2 might be an example of this since her specimen had the GNA11 p.Arg183Cys allele detected by ddPCR and smMIP-seq, but at levels below our true-positive threshold. Alternatively, mutations in another gene may be responsible for causing capillary malformations. Our identification of GNA11 gain-offunction mutations in a subset of patients with capillary malformation indicate that drugs which suppress constitutive GNAQ or GNA11 signaling may have therapeutic value. responsibility of the authors and does not necessarily represent the official views of the National Institutes of Health. 
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